The potassium channel from Streptomyces lividans ͑KcsA͒ is an integral membrane protein with sequence similarity to all known potassium channels, particularly in the selectivity filter region. A recently proposed model for ion channels containing either n or (nϪ1) single-file ions in their selectivity filters ͓P. H. Nelson, J. Chem. Phys. 177, 11396 ͑2002͔͒ is applied to published KcsA channel K ϩ permeation data that exhibit a high-affinity process at low concentrations and a low-affinity process at high concentrations ͓M. LeMasurier et al., J. Gen. Physiol. 118, 303 ͑2001͔͒. The kinetic model is shown to provide a reasonable first-order explanation for both the high-and low-concentration permeation modes observed experimentally. The lowconcentration mode (͓K ϩ ͔Ͻ200 mM ) has a 200-mV dissociation constant of 56 mM and a conductance of 88 pS. The high-concentration mode (͓K ϩ ͔Ͼ200 mM ) has a 200-mV dissociation constant of 1100 mM and a conductance of 500 pS. Based on the permeation model, and x-ray analysis ͓J. H. Morais-Cabral et al., Nature ͑London͒ 414, 37 ͑2001͔͒, it is suggested that the experimentally observed K ϩ permeation modes correspond to an nϭ3 mechanism at high concentrations and an nϭ2 mechanism at low concentrations. The ratio of the electrical dissociation distances for the high-and low-concentration modes is 3:2, also consistent with the proposed nϭ3 and nϭ2 modes. Model predictions for K ϩ channels that exhibit asymmetric current-voltage (I-V) curves are presented, and further validation of the kinetic model via molecular simulation and experiment is discussed. The qualitatively distinct I-V characteristics exhibited experimentally by Tl ϩ , NH 4 ϩ , and Rb ϩ ions at 100 mM concentration can also be explained using the model, but more extensive experimental tests are required for quantitative validation of the model predictions.
I. INTRODUCTION
Ion channels are proteins that conduct ions across the cell membrane. They represent the basic electrically conductive component of the nervous system and are the target of roughly a third of all drugs ͓1͔. Recently, there has been much interest in the potassium-selective channel encoded by the kcsA gene from the bacteria Streptomyces lividans ͓2-4͔. This channel is believed to be similar to other K ϩ channels including voltage-dependent K ϩ channels in vertebrates and invertebrates, Ca 2ϩ -activated K ϩ channels in vertebrates, K ϩ channels from plants and bacteria, and cyclic nucleotidegated cation channels ͓3͔. High-resolution details of the KcsA potassium channel enzyme have shown that its active site is the selectivity filter-a narrow ion-attracting tube ͓3-5͔. A relatively clear picture has emerged as to how ion channels function at a phenomenological level ͓4͔. However, no simple quantitative model has been proposed for the complex variation of conductance with concentration observed experimentally under symmetrical salt conditions ͓6͔.
A major goal of ion channel biophysics is to understand the permeation behavior of ion channels based on their molecular structure ͓7-9͔. The molecular dynamics ͑MD͒ simulation technique can directly investigate the microscopic details of permeation through ion channels of known structure. As a result, numerous MD simulations have been performed since the x-ray structure of KcsA was discovered, and valuable insights have been gained into the microscopic details of ion permeation ͓10-24͔. A significant drawback of MD simulations is that they are presently limited to time scales comparable with that of permeation of a single ion ͑ϳ10 ns͒, whereas electropermeation experiments typically measure currents on millisecond time scales. Thus, while investigation of a single conduction event is possible and free energies can be estimated, it is not currently possible to obtain statistically significant ion conduction data directly from MD simulation.
Brownian dynamics ͑BD͒ simulation methods simplify the computational problem by averaging out the rapid motion of water molecules and considering ionic transport as a stochastic process ͓25-31͔. As a result, BD simulations can investigate substantially longer timescales than MD. These methods have qualitatively reproduced the saturating behavior of the KcsA channel conductance as a function of concentration ͑at high concentrations and at fixed voltage͒: however, BD simulations have generally predicted supralinear I-V curves ͑at constant concentration͒, in qualitative disagreement with experimental I-V curves ͑which are sublinear for K ϩ permeation in KcsA for all concentrations investigated experimentally ͓6,32͔͒. Neither of these molecular simulation methods have yet been able to simultaneously explain the K ϩ conductance characteristics of the open KcsA ion channel as a function of both concentration and voltage.
Recently, a kinetic model was proposed for permeation in open single-file ion channels ͓33͔. The kinetic model assumes that ionic transport can be modeled as a stochastic Markov process, in which all microscopic configurations of the channel are lumped into a small number of states associated with the ion occupancy of the channel selectivity filter. Transitions between states are modeled in a similar manner to traditional chemical kinetics. The states and the transition *Fax: ͑253͒ 736-9389. Electronic address: pete@circle4.com rates between them are intended to represent ensemble averages over all microscopic configurations and processes. In principle, the states and event rates can be determined from atomistic simulations ͓34͔. MD and BD simulations have confirmed that the configuration space includes local minima corresponding to discrete ion occupancy states of the selectivity filter and that transitions between these states are relatively rapid, in qualitative agreement with the kinetic model. However, no analytic permeation model has yet been derived directly from molecular simulations.
In the recently proposed kinetic model ͓33͔, the lumped states were postulated based on the static x-ray structure of the KcsA ion channel selectivity filter ͓5͔. A minimal kinetic model was then postulated based on the assumption that ion translocation within the channel selectivity filter is not rate limiting. The model has one kinetic parameter related to ion association and another related to dissociation from the selectivity filter. In addition, there is an electrical dissociation distance, representing the fraction of the transmembrane potential traversed by all mobile ions as an ion dissociates from an end of the selectivity filter ͑and enters the bulk aqueous phase͒. The formal mathematical structure of the kinetic model has recently been shown to be consistent with a number of microscopic K ϩ permeation mechanisms in KcsA suggested by x-ray structural analysis and MD and BD simulations ͑performed at high K ϩ concentrations͒. This comparison suggests that the kinetic model should be interpreted as an ensemble average over all possible permeation mechanisms ͓35͔.
A significant advantage of the kinetic model over atomistic computer simulations is that it provides a simple analytical expression for the average permeation rate as a function of the inner and outer solution concentrations and the transmembrane voltage. This analytical expression can be compared directly with single-channel permeation experiments. The model also provides a first-order explanation for the approximate Michaelis-Menten kinetics exhibited by many ion channels ͓1͔ and has been validated as a reasonable firstorder approximation ͓33͔ for published Na ϩ permeation data in gramicidin A ͓36͔ and for published K ϩ ion permeation in the KcsA channel at relatively high concentrations ͓32͔.
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II. PERMEATION MODEL
Within the permeation model, the selectivity filter of the ion channel is modeled as an ion-attracting tube capable of containing either n or (nϪ1) single-file ions ͑Fig. 1͒. For symmetric bathing solutions (͓K ϩ ͔ i ϭ͓K ϩ ͔ o ϭ͓K ϩ ͔), the probability that the channel is occupied by n ions is given by the Hill-Langmuir equation
where c*ϭ͓K
is a concentration ''reduced'' ͓37͔ by a voltage-dependent Michaelis-Menten coefficient
Proposed double-occupancy (nϭ2) permeation mechanism for the selectivity filter of KcsA at low concentrations. Formally, the net flux has the same kinetics as the previously proposed triple-occupancy mechanism (nϭ3) ͑see text͒. All steps are reversible.
ϭze o ␦V/kT, where ␦ is the sum of the electrical distances traveled by all n ions ͑each having charge ze o ) as the nth ion dissociates in the presence of a transmembrane voltage V at temperature T ͑k is the Boltzmann constant͒ ͓35͔. k d is the dissociation rate constant, and a is the association rate constant. K d ϭ2k d / a is a ͑zero-voltage͒ equilibrium dissociation constant. The net permeation rate J is given by
where k max is the maximum net transfer rate of ions at voltage V, which is given by
where ϭze o ᐉV/kT and ᐉϭ1Ϫ2␦. The experimentally measured permeation rate J can be divided by k max , to provide a reduced permeation rate
Thus, within the model, j* is a universal MichaelisMenten function of c*, wherein the reduced permeation rate j* is equal to the time-average occupancy state n of the open channel ͓33͔.
III. COMPARISON WITH EXPERIMENT
LeMasurier et al. ͓6͔ found that KcsA generally exhibited asymmetrical I-V characteristics. As discussed in the Appendix, the permeation model can be modified in a straightforward manner to account for asymmetric I-V curves. However, because the raw electropermeation data exhibited excessive signal noise at negative potentials ͑which was at- 3͑A͒ and 4͑A͒, the experimental deviations at 25 mV ͑be-tween the raw experimental current data and the fitted model͒ are comparable in magnitude with the deviations for the remainder of the experimental data points.
The least-squares fit to the low-concentration data is biased to fit the ͓K ϩ ͔ϭ20, 50, and 100 mM experiments because there are eight experimental data points for each of these concentrations ͑Fig. 4͒, whereas for ͓K ϩ ͔ϭ5 and 10 mM only a single experimental data point ͑at 200 mV͒ was reported. It would be desirable to include a similar number of data points for these lowest concentrations ͑highest values of g/͓K ϩ ͔ in Fig. 2͒ so that the slope ϪK M (200 mV) and intercept g max (200 mV) of the low-concentration line in Fig. 2 can be estimated more accurately. Figure 5 shows the preliminary fit of the model to the other ions (Tl ϩ , NH 4 ϩ , and Rb ϩ ) using a single permeation mode for the experimental data at concentrations less than 200 mM . Due to the relatively small amount of available experimental data, the model parameters in Table I should be considered as preliminary estimates. I-V curves covering a range of concentrations are required to further test the model predictions.
IV. DISCUSSION

A. K ¿ ion permeation
LeMasurier et al. ͓6͔ identified the low-concentration mode with ions entering two high-affinity sites in the KcsA pore, one in the aqueous central cavity of the pore ͑outside of the selectivity filter͒ and another high-affinity site inside the selectivity filter. The high-concentration mode was identified with the gradual filling of a low-affinity site in the selectivity filter. In contrast, the present model considers the central cavity to be an extension of the bulk intracellular aqueous solution, and hence, only ion binding within the selectivity filter is explicitly considered. This approximation is consistent with the recently discovered open pore conformation of potassium channels, which shows that the central cavity is essentially continuous with the inner solution and that the cavity is at the same membrane potential as the internal solution ͑under equilibrium conditions͒ ͓38͔.
The permeation model proposed by Morais-Cabral et al. ͓5͔ provides for an arbitrary concurrent combination of one-, two-, and three-ion permeation modes, with all three ions being located in the selectivity filter. This model is thus conceptually similar to traditional site-based models of singlefile permeation, which provide for all possible occupancies of the channel ͓1,39͔. The present model provides a significant simplification to this traditional approach as only states containing n or (nϪ1) single-file ions are considered, consistent with the approach previously proposed by Schumaker and Mackinnon ͓40,41͔. Based on x-ray analysis ͓5͔, the high-concentration permeation mode reported by Meuser et Fig. 1͒ .
The hypothesis that the low-concentration mode has two ions in the conductive state is further supported by the 2:3 ratio of the electrical dissociation distances for the low and high modes, respectively. As discussed recently ͓35͔, the electrical dissociation distance is the sum of the electrical dissociation distances for each ion. If it is assumed that ͑ϭ0.05͒ is the same for each mode ͑and all n ions͒, then the electrical dissociation distance for the nϭ2 mode is ␦ϭ2, and the nϭ3 mode has ␦ϭ3, consistent with the experimental values of 0.10 and 0.15, respectively.
The concentration c t that separates the two modes is expected to be both voltage and temperature dependent ͑inde-pendent of any protein relaxation at low temperatures͒. From low-temperature x-ray analysis at zero volts c t Ͻ20 mM ͓5͔, whereas at Vϭ200 mV and room temperature c t Ϸ200 mM ͑Fig. 2͒. Experimental investigation of the temperature dependence of c t ͑and the other permeation parameters͒ can be made by performing additional permeation experiments, or x-ray experiments, at different voltages and/or temperatures.
It is further suggested that the transition in permeation mechanism at ͓K ϩ ͔Ϸc t might be caused by a relatively rapid change in the number of single-file water molecules trapped between the two ions in a doubly occupied KcsA selectivity filter ͑as the concentration is varied͒. At high concentrations, a single water molecule is thought to separate the ions in the nonconductive doubly occupied state ͓5͔. This is consistent with the proposed triple-occupancy permeation mechanism at high K ϩ concentrations ͓33͔. At low concentrations, there may be two ͑or more͒ water molecules trapped between the ions in the conductive doubly occupied state of the selectivity filter ͑state n in Fig. 1͒ . The implied transition from singly occupied to doubly occupied nonconductive selectivity filter states appears to be qualitatively consistent with the x-ray data of Morais-Cabral et al. ͓5͔ . The experimentally observed permeability change is thus interpreted as a form of concentration-dependent ''mode switching'' caused by a transition in the possible occupancy state͑s͒ of the channel's selectivity filter. Changes in the selectivity filter have previously been proposed as a cause of channel gating Table I . ͑B͒ Conductanceconcentration plots ͑at 200 mV͒.
͓4,42,43͔. The number of water molecules in the selectivity filter can be investigated experimentally by streaming potential experiments ͓1͔.
The proposed high-concentration mode thus corresponds to a cycle around the B-C-A states identified by MoraisCabral et al., ͓5͔ and the low-concentration mode corresponds to either the D-E-F or the G-H-F cycle or a combination of both. The difference between the later two cycles is that the former provides for ͑single ion͒-͑water molecule͒ exchanges, while the later provides for concerted association and dissociation. The constant explanation for the 2:3 ratio of the electrical dissociation distances, requires a concerted association and dissociation mechanism ͑wherein all ions move the same electrical distance ϭ0.05 in both modes͒. However, ͑single ion͒-͑water molecule͒ mechanisms would imply that the nth ion travels a shorter electrical distance in the nϭ2 mode. Notwithstanding this distinction, both of these mechanisms ͑or combinations of both͒ may be represented by the present kinetic model ͓35͔.
An alternate explanation for the experimentally observed mode switching is a concentration-dependent change in the ion binding characteristics of the selectivity filter. This might be caused by a protein conformation change or by ion binding outside of the selectivity filter. Thus, the change in permeation mode may not be accompanied by a change in the number of ions ͑n͒ in the conductive state͑s͒ of the channel. According to the kinetic model, n cannot be probed by experiments within the copermeation eigenmode, but tracer counterpermeation ͑or mixed permeation mode͒ experiments should be able to test the n-dependent predictions of the model ͓33͔.
In principle, molecular simulations should be able to test these hypotheses. As has already been shown, the kinetic model appears to be consistent with a number of distinct n ϭ3 permeation mechanisms suggested by atomistic simulations at high concentrations ͓35͔. Molecular simulations should also be able to investigate the permeation mechanism͑s͒ that operate at low concentrations and the transition between the experimentally observed high-and lowconcentration modes. In addition to qualitative comparison, it would be desirable to investigate whether any quantitative relationship can be established between molecular simulation and the kinetic model. The kinetic model makes simple predictions ͑viz., K d ) for how the ͑zero-volt͒ equilibrium occupancy of the channel selectivity filter changes with concentration. In addition, the kinetic model makes specific predictions ͑viz., K M ) for how the steady-state occupancy varies in the presence of a nonzero transmembrane voltage. These steady-state occupancies might be investigated using molecular simulation techniques ͓34͔ and compared with the predictions of the kinetic model and experiment. A potentially more difficult task will be to investigate the whether any correspondence can be established between the kinetic model parameters and molecular simulations. Of particular interest is the electrical dissociation distance ␦, which governs voltage dependence within the model.
The kinetic model makes specific predictions for how the shapes of the I-V curves change with concentration for both symmetric and asymmetric bathing solutions. The Appendix sets out the model predictions for a channel selectivity filter having symmetric ion binding characteristics but asymmetric I-V curves. Since it is believed that the ion conduction pore is conserved among K ϩ channels ͓44͔, this generalized kinetic model may find applicability to K ϩ channels other than KcsA.
B. Permeation of other ions
LeMasurier et al. ͓6͔ found that permeation of other ions in KcsA exhibit qualitatively different experimental I-V characteristics from K ϩ and from each other. These appear to be consistent with the proposed model ͓Fig. 5͑A͔͒. At a concentration of 100 mM : Tl ϩ exhibits an essentially voltageindependent permeation rate above 100 mV, suggesting that the association step is rate limiting; Rb ϩ exhibits a supralinear voltage dependence, suggesting that the dissociation step is rate limiting; and NH 4 ϩ exhibits an approximately Ohmic I-V dependence over the experimental voltage range, suggesting intermediate behavior ͓33͔. Because there is insufficient experimental data for the other ions (Tl ϩ , NH 4 ϩ , and Rb ϩ ), the model parameters in Table I should be considered to be preliminary estimates. Additional experiments might be used to test for the concentration-dependent changes in I-V behavior predicted by the model ͓33͔.
The three distinct qualitative I-V behaviors shown in Due to the corresponding occupancy states property of the kinetic model ͓33͔, conductance-concentration plots are always expected to exhibit Michaelis-Menten saturating behavior at any fixed voltage ͑for a single permeation mode͒, thus providing a simple test of the model's potential applicability. However, measurement of entire I-V curves ͑over as wide a range of concentration as possible͒ is required to test the voltage-dependent predictions of the model and to determine the model parameters more accurately.
LeMasurier et al. ͓6͔ also performed an asymmetric ͓K ϩ ͔ solution (100 mM internal/20 mM external͒ permeation experiment, which appears to be qualitatively consistent with the predictions of the proposed model ͓33͔. The difference ͑ϳ10 mV͒ between the experimental reversal potential and the that predicted by the Nernst equation was identified by LeMasurier et al. to be an experimental uncertainty. This ex-perimental uncertainty precludes quantitative comparison with the model predictions.
C. Conclusion
Each of the high-and low-concentration KcsA permeation modes identified by LeMasurier et al. ͓6͔ have been shown to be consistent with the scaling predictions of the recently proposed single-file permeation model ͓33͔. At low concentrations, there is a high-affinity low-conductance K ϩ ion permeation mode, and at high concentrations, there is a lowaffinity high-conductance permeation mode. At room temperature these two Michaelis-Menten modes are separated by a transition concentration of c t Ϸ200 mM ͑at V ϭ200 mV). Preliminary analysis of the permeation of other ions (Tl ϩ , NH 4 ϩ , and Rb ϩ ) has been found to be consistent with the proposed model, but additional experiments are required to test the model's quantitative predictions.
Based on the properties of the permeation model and x-ray analysis of Morais-Cabral et al. ͓5͔ , it has been suggested that the experimentally observed K ϩ permeation modes correspond to a triple-occupancy (nϭ3) mechanism at high concentrations and a double-occupancy (nϭ2) mechanism at low concentrations, with two and one water molecules separating the ions in the double-and tripleoccupancy mechanisms, respectively. The experimental ratio of 2:3 for the electrical dissociation distances in the nϭ2 and nϭ3 modes is consistent with association and dissociation occurring via a concerted mechanism, wherein all n ions move a similar electrical distance in each permeation mode. Molecular simulations should be able to test these hypotheses.
Further experimental validation of the model will require investigation of the temperature and voltage dependence of the transition concentration c t via x-ray and/or permeation experiments. Tracer counterpermeation and/or asymmetricsolution experiments, preferably with well-defined openchannel currents at negative potentials, can be used to validate predictions of the model that have not yet been tested.
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APPENDIX: ASYMMETRIC CHANNELS
The primary aim of the present article is to address the apparent conflict between the LeMasurier et al. ͓6͔ experiments In the simplified model, it is assumed that the ion binding ᐉ region of the selectivity filter is symmetric and that the i and o states of the channel are equally probable at zero volts. This symmetry is reflected in the ionic potential profile ͑Fig. 1͒, which, in turn, is supported by the symmetric K ϩ ion density observed in the x-ray structure at 20 and 200 mM KCl ͓5͔. A simple form of channel asymmetry can be introduced into the model by replacing ␦ with ␦ i and ␦ o at the inner and outer ends of the selectivity filter respectively and/or by making the association-dissociation rate constants end dependent ͓i.e., by replacing (k d and a ) with (k i and i ) and (k o and o ) at the inner and outer ends of the selectivity filter, respectively͔. However, in order to retain the static K ϩ -ion symmetry observed in the x-ray structure of the KcsA selectivity filter ͓5͔, the zero-volt equilibrium dissociation constant K d must be the same at both ends of the selectivity filter, i.e.,
Because the binding affinity at zero volts does not depend on the electrical dissociation distances, there is no constraint on placed on ␦ i and ␦ o by the static x-ray structure.
For a single permeation mode of an asymmetric channel exposed to asymmetric solutions of a substrate ion S ͑i.e., ͓S͔ i ͓S͔ o ), the channel occupancy is once again given by Eq. ͑1͒, the net flux is given by Eq. ͑4͒, and the reduced flux is given by Eq. ͑6͒. However, the reduced concentration is now given by FIG. 6 . Theoretical rectification produced by an asymmetric ion channel: effect of varying the inner electrical dissociation distance ␦ i ͑figure parameter͒ on the open-single-channel I-V curve, while holding the outer electrical dissociation distance ␦ o ͑ϭ0.1͒ constant. For simplicity, the concentrations and association and dissociation rate constants were assumed to be symmetrical ͑i.e., ͓K Further validation of the model predictions will require measurement of open-channel I-V curves for both negative and positive voltages over a wide range of concentrations. A relatively wide range of concentrations is required to investigate the various limiting cases predicted by the model ͓33͔.
